ABSTRACT A model for predicting mortality of Indianmeal moth larvae [Plodia interpunctella (Hü bner) (Lepidoptera: Pyralidae)] under ßuctuating low-temperature conditions was developed. The time and temperature combinations required to achieve 100% mortality of Þeld-collected, cold-acclimated P. interpunctella larvae obtained from laboratory mortality experiments were used to develop the mortality model. Accumulation of mortality rate over time was called the cumulative lethality index (CLI). Complete mortality of insect populations would occur when CLI equals 1. Observed mortality of Þeld-collected, cold-acclimated P. interpunctella larvae in Þve 76.2-T (3,000-bu) shelled corn bins located in Rosemount, MN, during the winters of 2003Ð2004 and 2004 Ð2005 were used to validate the CLI model (i.e., mortality model). Excellent agreement between predicted and measured time to 100% larval mortality was observed. The CLI model would be useful for developing low-temperature aeration management strategies for controlling overwintering P. interpunctella in grain bins. In addition, this model will be useful when determining if additional control measures will be required as a result of above-seasonal ambient temperatures.
The Indianmeal moth, Plodia interpunctella (Hü bner) (Lepidoptera: Pyralidae), is one of the most coldtolerant species among stored-product insects and has been classiÞed as a freeze-intolerant organism (Fields 1992 , Carrillo 2005 . In grain bins, P. interpunctella inhabits mostly the headspace and the top few inches of the grain mass, and occasionally, aeration ducts and the space below perforated bin ßoors (Harein and Subramanyam 1990) . P. interpunctella is one of the most common pests of stored corn and soybean in Minnesota (Barak and Harein 1981, Harein and Subramanyam 1990) .
Aeration with cold, outdoor air has been recognized as a valuable tactic for managing stored-grain pests (Flinn et al. 1997 , Maier et al. 1997 , Mason and Strait 1998 , Fields and White 2002 . The use of low temperatures to control P. interpunctella seems to be feasible in the north central region of the United States because ambient temperatures are well below 0ЊC during winter months (Mason and Strait 1998 , Kaliyan 2004 , Carrillo et al. 2006 . However, Þfth instars of P. interpunctella can acclimate to cold and/or diapause to survive winter (Bell 1976 , Carrillo 2005 , and when temperatures are above seasonal norms or in southerly locations that might not achieve constant freezing conditions, an accurate method is needed to estimate when lethal conditions would be achieved. Therefore, modeling mortality of overwintering P. interpunctella exposed to low temperatures would be useful to develop winter aeration management strategies to control this pest in grain storage bins and to determine the necessity of additional control measures in the spring and summer.
Mortality of insects is caused by combination of several factors such as temperature, relative humidity, food source, and population density (Jian et al. 2007 ). Temperature-induced mortality of insects is usually determined in the laboratory by exposing insects to constant temperatures and short periods of time. From these laboratory data, mathematical relationships for time-temperature-mortality are developed to model insect mortality (Beerwinkle et al. 1978 , Turnock et al. 1983 , Specker et al. 1990 , Brokerhof et al. 1992 . However, these relationships may not be useful to predict insect mortality under ßuctuating conditions. To predict insect mortality under such conditions, two approaches have been used in the past. The Þrst is the degree-time (degree-day, degree-hour, or degreeminute) approach. To develop degree-time models, data on time-temperature-mortality have been obtained from constant temperature experiments (Casagrande and Haynes 1976 , Wright et al. 2002 , Subramanyam et al. 2003 , Boina and Subramanyam 2004 or collected from Þeld studies (Lam and Pedigo 2000 , 2006 . The second approach is based on thermal death kinetics theory developed for microorganisms. To develop mortality models based on thermal-death-kinetics, data on time-temperaturemortality obtained from constant temperature experiments have been used (Waggoner 1985 , Jang 1986 , Tang et al. 2000 , Wang et al. 2004 ). Using both modeling approaches, models for predicting a particular mortality level (e.g., 50, 95, or 99%) or a range of mortality levels (e.g., 0 Ð100%) can be developed to estimate insect mortality under ßuctuating temperatures.
Although these two mortality modeling approaches are useful, both have limitations. For example, in the degree-time modeling approach, a particular degreetime value accumulated under changing temperature conditions may represent a range of mortality levels (Carrillo et al. 2006) . Also, the thermal death kinetics modeling approach is tedious and time consuming, requiring collection of large datasets over time. In this study, the objectives were to develop a simple model to predict mortality of P. interpunctella under changing low-temperature conditions and validate this model under ßuctuating Þeld conditions.
Materials and Methods

Mortality of P. interpunctella Exposed to Constant
Temperatures in Laboratory. Mortality of Þeld-collected, cold-acclimated P. interpunctella larvae was measured under constant temperatures in the laboratory by Carrillo et al. (2006) . The time-temperature combinations that created 100% mortality of Þeld-collected, cold-acclimated P. interpunctella larvae were obtained from Carrillo et al. (2006) (Table 1) . Using the data in Table 1 , a mortality model designated as the cumulative lethality index (CLI) model was developed.
Mortality of P. interpunctella in Grain Bins. Mortality experiments were conducted in grain bins during 2003Ð2004 and 2004 during 2003Ð2004 and Ð2005 winters by Carrillo et al. (2006 . Mortality data from Carrillo et al. (2006) were used for validating the CLI model. A brief experimental procedure used for collecting the mortality data follows. Cages of Þeld-collected, cold-acclimated P. interpunctella larvae were placed into 76.2-T (3,000-bu) grain bins located at the University of Minnesota Outreach, Research, and Education (UMORE) Park to measure the mortality of P. interpunctella under Þeld conditions. In 2003, two grain bins Þlled with shelled corn were used to establish the experiment on 20 November. In 2004, the experiment was established on 11 December in three grain bins Þlled with shelled corn. Caged larvae were randomly placed at two locations, including the center and southern edge of each bin and within location at two depths (5 and 40 cm below the top grain surface). Each cage contained 10 Þeld-collected, cold-acclimated P. interpunctella larvae along with 8.63 g of organic shelled corn. Cages at the southern edge of the bin were Ϸ10 Ð15 cm away from the bin wall. In the winter of 2003Ð2004, when ambient temperatures ranged from Ϫ7 to Ϫ4ЊC (Cloud and Morey 1991) , the two grain bins received negative pressure aeration with air pulled from the headspace and downward through the grain by aeration fans of 1.5Ð2.0 HP. The initial temperature of the grain bins was equilibrated at Ϸ0Ð5ЊC before the beginning of the experiment by turning on the fans when the air temperature was around these values. In addition, the bins were aerated for 5 h the day after the experiment was set up (21 November 2003). The bins were aerated to provide the aeration treatment between Ϫ7 and Ϫ4ЊC on 25 November (6 h) and on 19 December 2003 (3 h). Temperatures at the four location-depths inside the grain bins were recorded hourly using HOBO data loggers (Onset Computer, Cape Cod, MA).
In the winter of 2004 Ð2005, the experiment was repeated except no particular aeration treatment was used. The initial temperature of all three bins was equilibrated at Ϸ0Ð5ЊC before the beginning of the experiment by turning on the fans when the air temperature was around these values. . This corresponds to exposure times of 492, 1,020, and 1,369 h, respectively. Cages were brought to the laboratory, and the larval mortality was determined (Carrillo et al. 2006 ).
An assessment of larvae used for the mortality studies in both laboratory and grain bins showed that 43% of the larval population were found to be cold acclimated, and the remaining 57% were found to be diapausing with cold acclimation (Carrillo 2005) . Based on the measurement of head capsule width, these larvae were found to be Þfth instars (Carrillo 2005 a Data were from the laboratory mortality study (Carrillo et al. 2006) . Model Development. To predict mortality of Þeld-collected, cold-acclimated P. interpunctella larvae under ßuctuating low temperatures, a model was developed using a procedure given by Mann et al. (1999) . Brokerhof et al. (1992) hypothesized that the rate of mortality in an insect population is analogous to the rate of a chemical reaction. The rate of a simple chemical reaction (i.e., zeroth-order chemical reaction) can be described by the Arrhenius equation:
where k is the rate of chemical reaction, A is a constant known as frequency factor, E is the activation energy, R is the universal gas constant, and T is the absolute temperature.
When an insect population is subjected to some form of stress such as exposure to an extreme low temperature, the measure of mortality is the time (t x% ) taken at that temperature for a mortality of x% to occur. The time, t x%, is the reciprocal of a true rate of mortality. Therefore, Brokerhof et al. (1992) substituted 1/t x% for k in equation 1 and modiÞed equation 1 as follows:
where t x% is the time taken at the absolute temperature T to reach a mortality of x%, and ␣ and ␤ are constants corresponding to (Ðln A), and (E/R), respectively.
In this study, we were interested in modeling complete mortality (i.e., 100% mortality). Therefore, the data on the exposure time and temperature combinations causing 100% mortality of Þeld-collected, coldacclimated P. interpunctella larvae (Table 1) were Þt-ted to equation 2. However, the resulting residual sum of squares was 226.9, indicating that equation 2 did not Þt the data satisfactorily. Therefore, a modiÞed Arrhenius rate equation (equation 3 given by Warnatz 1984 ) was applied to model the rate of mortality.
where a and b are constants. As shown in the Appendix, equation 3 can be modiÞed as:
where is the hours required to achieve 100% mortality at a speciÞed temperature T in degrees Kelvin, and ␥ 0 , ␥ 1 , and ␥ 2 are constants corresponding to (Ϫln a), (E/R), and Ϫb, respectively. The constants in equation 4 were determined using SPSS software (SPSS 2004) by Þtting the data in Table 1 (␥ 0 ϭ 5,466.27, ␥ 1 ϭ Ϫ233,758.0, and ␥ 2 ϭ Ϫ820.464).
With a residual sum of squares of 1.0, equation 4 showed a much improved Þt of the data versus equation 2. To calculate mortality under changing temperature conditions, the mortality rate for each time step (⌬t) was calculated as (⌬t/). The sum of mortality rates (⌬t/) over time was called the cumulative lethality index (CLI, equation 5). Complete mortality of the insect population should occur when the CLI is equal to 1 (Mann et al. 1999) . The time step could be constant or varying in length. In this study, the time step was kept constant (i. e., 1 h) Based on Turnock et al. (1983) , the effects of ßuc-tuating low temperatures on the cold injury and death of insects are additive. Also, the cold injury is irreversible/irreparable with increasing duration of exposure to temperatures below the lower threshold temperature for insect development (Turnock and Bodnaryk 1993) . For P. interpunctella, the lower developmental threshold temperature is Ϸ15ЊC (Carrillo 2005) . Therefore, the cumulative addition of mortality rate with time is appropriate for insects exposed to low-temperature conditions such as during winter. Equation 5 can be used to estimate the CLI for any given temperature and time combinations. Equation 5 may be viewed as the ratio of time interval to the lethal exposure time, which is summed over all time intervals (Mann et al. 1999) . Based on the data in Table 1 , CLI equals 1 when the temperature is Ϫ24ЊC and exposure time interval is 1 h; therefore, CLI can be interpreted to mean equivalent hours at Ϫ24ЊC. However, using equation 5, an exposure time interval of 1 h at Ϫ25.4ЊC yields a CLI of 1.
Inputting the measured hourly temperatures in equation 5, the CLI values were estimated for each location-depth cases using spreadsheet software (Microsoft Excel). Although equation 5 was developed using the data for the temperatures of Ϫ30.0 to Ϫ0.5ЊC, equation 5 was allowed to extrapolate when the measured temperature was outside the range of Ϫ30.0 to Ϫ0.5ЊC. When CLI is 1, the mortality of insect population should be 100%. Therefore, to validate the CLI model, predicted time when CLI reached a value of 1 was compared with measured time when 100% mortality of Þeld-collected, cold-acclimated P. interpunctella larvae was observed at each location-depth in the grain bins.
Results and Discussion
The CLI model was developed from the time-temperature data (Table 1) , which measured the time to 100% mortality of Þeld-collected, cold-acclimated P. interpunctella larvae under constant temperatures. To validate the CLI model, data used included time, temperature, and mortality of P. interpunctella larvae from two grain bins in 2003Ð2004 winter (Fig. 1 ) and three grain bins in 2004 Ð2005 winter (Fig. 2) . In one of the location-depth cases in 2004 Ð2005 winter (Fig. 2 , graph I), localized heating within the grain was observed after the Þrst sampling period, and the data for this location-depth were discarded. Figures 1 and 2 show the measured mortality of Þeld-collected, coldacclimated P. interpunctella larvae in grain bins as the winter progressed. The predicted CLI values also increased with time ( Figs. 1 and 2 ). For 19 locationdepth cases, 100% larval mortality was observed. Also, CLI values reached Ͼ1 in all 19 location-depth cases during the experiment. The predicted CLI values of Ͼ1 were equaled to 1 in Figs. 1 and 2 . Theoretically, a CLI value of Ͼ1 is meaningless; however, it indicates that insects are exposed to highly severe conditions than what is needed for achieving 100% mortality.
Although the trends in the accumulation of predicted CLI values seem to be similar to those of the measured mortality values (Figs. 1 and 2) , the predicted CLI values represent calculated progress toward 100% larval mortality, and observed larval mortality is not directly comparable to the predicted CLI values Ͻ1. The only appropriate comparison would be between the predicted time to achieve a CLI of 1 and the measured time to 100% larval mortality. Limitations of the CLI model are discussed later.
There were some difÞculties in collecting mortality data more frequently in the grain bins during the winter, and sampling intervals used were from 360 to 528 h (i.e., 15Ð22 d). With such large sampling intervals used, the exact time of 100% larval mortality in the grain bins could not be assessed. Therefore, validation of the CLI model was done in terms of a scaled time, the percentage of sampling interval deÞned as 100 times the difference between the predicted time to 100% mortality (i.e., CLI ϭ 1) and the time when 100% larval mortality was observed in the grain bins divided by the sampling interval. From the experience in sampling during 2003Ð2004 and considering that the CLI model has application over an entire season when lethal temperatures can be available, this sampling frequency for the validation was considered appropriate.
For three location-depth cases (Figs. 1, B and E, and 2E), the predicted CLI reached a value of 1 at about the time corresponding to 124 Ð157% of sampling interval ahead of the time when 100% larval mortality was observed (Table 2 ). These cases are considered examples where the model underestimated the actual mortality and indicated that 100% mortality should have been achieved, but it was not. This underestimate can be considered a type II error and may be attributed to the biological variability in the measured mortality data. The underestimate was particularly notable for the location-depth shown in Fig. 2E and 100% larval mortality was not achieved even though the larvae experienced much lower temperatures. This may be because of the fact that P. interpunctella larvae can supercool and acclimate to low temperatures well above their supercooling point of about Ϫ24ЊC (Carrillo 2005, Carrillo and Cannon 2005 ). An alternate explanation may be the effect of moisture in the grain mass. Two common mechanisms of mortality, if the supercooling point is not reached, include dehydration and intercellular ice formation. If there is sufÞ-cient humidity from local habitat effects and intercellular ice forms at a distance to critical systems, irreparable damage to the larvae will not occur. Unfortunately, humidity (or moisture) was not evaluated during this experiment, but should be considered in future studies of survival and microhabitat.
For three location-depth cases in 2004 Ð2005 winter (Fig. 2, A, G, and K) , a CLI value of 1 was predicted after 100% larval mortality was observed in the grain bins. This could be considered examples when the model overestimated the actual event and a type I a Difference in time to 100% mortality, % of sampling interval ϭ predicted time (h) Ϫ measured time (h) sampling interval (h) ϫ 100.
b Data were not available because of "hot spot" development at this location-depth.
error occurred. For these cases, a CLI value of 1 was predicted about the time equivalent to 14 Ð39% of sampling interval after the time when 100% larval mortality was observed (Table 2) . Explanations for this overestimation of the time to complete larval mortality could include (1) the time-temperature data used for developing the CLI model for P. interpunctella larvae were obtained from the 2003Ð2004 winter study (Carrillo et al. 2006) ; (2) on average, 2004 Ð2005 winter grain temperatures were much lower than those measured during the 2003Ð2004 winter (Table 3) ; and (3) the CLI model did not take into account of the effects of cooling rate and moisture (humidity) on larval mortality. However, at these three locationdepth cases, CLI values of Ϸ0.8 Ð 0.9 were achieved when measured larval mortality was 100% (Table 3) . However, this small overprediction of the time to complete mortality of larval population does not limit the applications of the CLI model. Despite the presence of three sites overestimating mortality and three causing a slight underestimation, in the remaining 13 location-depth cases, the CLI model predicted the CLI value of 1 at some time just before the sampling time when 100% mortality of larvae was observed ( Figs. 1 and 2 ; Tables 2 and 3) . For these cases, 100% larval mortality was observed in the grain bins at a time Ϸ39 Ð95% of sampling interval later than the time predicted by the CLI model (Table 2) . Table 3 provides the mortality percentage at the sampling time before the sampling time when 100% larval mortality was observed for these 13 location-depth cases. Table 3 conÞrms that for these 13 location-depth cases, 100% larval mortality could have been reached in the grain bins before the sampling day when 100% larval mortality was observed. Including the locationdepth case shown in Fig. 1E , there were 14 locationdepth cases (i.e., 75% of the measured location-depth cases) for which 100% larval mortality was predicted within one sampling interval. Therefore, accuracy of the CLI model validation depends on the sampling interval. However, validation of the CLI model within one sampling interval would be the maximum expected accuracy for this study.
The CLI modeling approach was developed to predict 100% mortality of an insect population, but there are limitations to this method that should be considered when applying this model. The CLI model should only be used to predict when complete mortality of insect population would occur (Mann et al. 1999) . When the CLI value is Ͻ1, some percentage of mortality of insects could occur because of the stress imposed on the insects; however, e Data were not available because of "hot spot" development at this location-depth.
the fraction of the CLI value does not necessarily equal the fraction of the mortality of the insect population. This is because for the development of the CLI model, the measured time-temperature data for the mortality values of Ͻ100% were not involved. Figure 3 conÞrms that when the predicted CLI values are Ͻ1, the measured mortality percentage values are not equal to 100 times the CLI values for the Þeld-collected, cold-acclimated P. interpunctella larvae. For instance, a predicted CLI value of 0.5 is not equal to an actual mortality of 50% of the larval population (Fig. 3 ), but Fig. 3 does show a linear relationship between the measured mortality values and the predicted CLI values of Ͻ1. This may be considered with future studies; however, the goal of this work was to model complete mortality, and any value less than a CLI of 1 would result in additional control measures being used. Mann et al. (1999) used the CLI modeling approach to predict the mortality of Cryptolestes ferrugineus (Stephens) adults exposed to changing CO 2 concentrations during fumigation of grain bins with CO 2 gas. In this study, the CLI modeling approach was used to predict mortality of Þeld-collected, cold-acclimated P. interpunctella larvae under changing low temperatures. An application of the CLI model for the Þeld-collected, cold-acclimated P. interpunctella larvae is presented in Kaliyan et al. (2007) , where the CLI model was used to evaluate various aeration management strategies to control overwintering P. interpunctella larvae in grain storage bins in several locations in the north central region of the United States. In addition, the CLI modeling approach has potential for evaluating several other nonchemical insect control techniques, such as low temperature control for other species or humidity manipulation where long-term ßuctuating conditions may occur. This model certainly has importance in determining if additional measures are required in areas where climate change (Karl and Trenberth 2003) impacts seasonal low temperatures normally relied on for controlling insect pests in grain. 
